Bone Morphogenetic Proteins (BMPs) have multiple activities in the developing spinal cord: they specify the identity of the dorsal-most neuronal populations and then direct the trajectories of dorsal interneuron (dI) 1 commissural axons. How are these activities decoded by dorsal neurons to result in different cellular outcomes? Our previous studies have shown that the diverse functions of the BMPs are mediated by the canonical family of BMP receptors and then regulated by specific inhibitory (I) Smads, which block the activity of a complex of Smad second messengers. However, the extent to which this complex translates the different activities of the BMPs in the spinal cord has remained unresolved. Here, we demonstrate that the receptor-activated (R) Smads, Smad1 and Smad5 play distinct roles mediating the abilities of the BMPs to direct cell fate specification and axon outgrowth. Smad1 and Smad5 occupy spatially distinct compartments within the spinal cord, with Smad5 primarily associated with neural progenitors and Smad1 with differentiated neurons. Consistent with this expression profile, loss of function experiments in mouse embryos reveal that Smad5 is required for the acquisition of dorsal spinal neuron identities whereas Smad1 is critical for the regulation of dI1 axon outgrowth. Thus the R-Smads, like the I-Smads, have discrete roles mediating BMP-dependent cellular processes during spinal interneuron development.
Introduction
Developing organisms are remarkably economic in their reiterative use of growth factors to specify different cellular fates within organs or different cellular processes within the same cell. This economy permits organisms of extraordinary complexity to be specified by the use of a relatively limited number of extracellular signals during development. A striking example of this paradigm occurs in the developing spinal cord. The spinal cord is first patterned by morphogens, secreted growth factors that induce cell types in a concentration dependent manner (Ericson et al., 1997; Lee and Jessell, 1999) . Graded morphogen signaling from the dorsal and ventral poles of the spinal cord, the roof plate (RP) and floor plate (FP), is responsible for the formation of distinct classes of neurons along the dorsal-ventral axis of the developing spinal cord (Tanabe and Jessell, 1996) . Morphogens continue to be expressed in the RP and FP where they then provide guidance information for dorsal commissural axons (Augsburger et al., 1999; Charron et al., 2003; Irving et al., 2002; Lyuksyutova et al., 2003) . These studies demonstrated that a single factor, or family of factors, could specify unexpectedly diverse activities for developing neurons. For example, in the dorsal spinal cord, members of the Bone Morphogenetic Protein (BMP) and activin family are present in the RP where they are sufficient to establish the identities of the dorsal-most populations of spinal interneurons (dI) 1-3 (Chizhikov and Millen, 2005; Lee et al., 2000 Lee et al., , 1998 Liem et al., 1997) . Subsequently, the BMPs serve as guidance signals for the dI1 (commissural) population of neurons, both orienting their axons to grow away from the RP Contents lists available at SciVerse ScienceDirect journal homepage: www.elsevier.com/locate/developmentalbiology (Augsburger et al., 1999; Butler and Dodd, 2003) and regulating their rate of outgrowth through the dorsal spinal cord (Phan et al., 2010) . Thus, the BMPs direct disparate cellular processes for dI1 neurons at different stages of their development.
How is BMP signaling translated by dorsal neurons to specify divergent aspects of neuronal circuit formation? Previous studies have implicated the canonical BMP receptors (Bmprs), a heteromeric complex of type I and type II serine/threonine kinase BMP receptors , as having multiple roles in this process. The type I Bmprs are necessary and sufficient to both specify the identity of the dI1-dI3 neurons (Timmer et al., 2002; Wine-Lee et al., 2004; Yamauchi et al., 2008) and the orientation of dI1 axons (Yamauchi et al., 2008) . In addition, the type II Bmpr has been shown to control the rate of dI1 axon extension (Phan et al., 2010) . Together, these observations suggest that the mechanistic distinction that accounts for the ability of the BMPs to specify cell fate choices versus axon guidance decisions lies downstream of the Bmprs.
In the canonical BMP signaling pathway, activated type I Bmprs phosphorylate the BMP-receptor-activated (R) Smads, Smad1, Smad5 and Smad8 (Moustakas and Heldin, 2009 ). These R-Smads then complex with the common mediator (Co) Smad4 and translocate to the nucleus to alter the transcriptional activity of the cell (Chesnutt et al., 2004; Feng and Derynck, 2005) . This signaling cascade can be blocked by the inhibitory (I) Smads, Smad6 and Smad7 (Imamura et al., 1997; Nakao et al., 1997) . Previous studies examining the role of the Smads establishing neural circuitry in the chicken spinal cord have shown that Smad1, Smad5 and Smad4 are critical for pattern formation in the dorsal neural tube (Chesnutt et al., 2004; Le Dreau et al., 2012) . Moreover, we recently demonstrated that the I-Smads have distinct functions spatially limiting the response of dorsal cells to BMP signaling (Hazen et al., 2011) . Smad7 blocks the acquisition of the dI1 and dI3 fates, whereas Smad6 inhibits dI1 axon outgrowth (Hazen et al., 2011) . However, while the R-Smads have been implicated in the regulation of cell fate specification and neurite outgrowth/regeneration (Le Dreau et al., 2012; Moustakas and Heldin, 2009; Parikh et al., 2011; Yanagisawa et al., 2001; Zou et al., 2009) , their role mediating the diverse effects of BMP signaling in the developing dorsal spinal cord remains unresolved.
Here, we have assessed the expression patterns of the BMP specific R-Smads and determined whether they are required for the development of the mouse and chicken dorsal spinal cord. Smad1, Smad5 and Smad8 are remarkably similar to each other in vertebrates (over 75% at the protein level in mouse and chicken) and have been shown to act redundantly during embryogenesis (Arnold et al., 2006) suggesting that they may function interchangeably in the embryo. However, we have observed that Smad1 and Smad5, but not Smad8, are expressed in complementary patterns in the developing rodent spinal cord during the period of dorsal neuron circuit formation. Smad5 is present in neural progenitor cells whereas Smad1 is present in post-mitotic neurons and their processes. This distribution pattern is more consistent with their having distinct, rather than redundant, roles in spinal cord development. Supporting this hypothesis, we demonstrate that Smad1 and Smad5 are required at different stages in the generation of dorsal spinal neural circuitry in rodents: Smad5 is required for the specification of dorsal fate, whereas Smad1 is required to regulate dI1 axon outgrowth. Taken together with our recent studies (Hazen et al., 2011) , these results challenge the prevailing view that the R-Smads always function interchangeably. Our data suggest that the BMP-specific R-Smads mediate the different activities of the BMPs and that these activities are antagonized by specific I-Smads. Thus, the ability of the BMPs to direct diverse cellular responses in neurons is accomplished by the specific activation of different members of the Smad family.
Materials and methods

In situ hybridization
In situ hybridization experiments were performed on embryonic day (E) 11.5 mouse fresh frozen tissue sectioned at 20 mm as previously described (Schaeren-Wiemers and Gerfin-Moser, 1993) . Primer sequences, designed using www.primer3.com, were as follows: mouse Smad1 3 0 untranslated region (UTR) forward primer -5 0 -GAT GGA GAC CTG ACG AAG GA-3 0 and reverse primer (with GAG and T3 polymerase site) -5 0 -GAG ATT AAC CCT CAC TAA AGG GAG ATG ATT CAA CGT GGG CTC T-3 0 ; mouse Smad5 3 0 UTR -forward primer -5 0 -AGG CGT GCT AGG CAT GTA CT-3 0 and reverse primer (with GAG and T3 polymerase site) -5 0 -GAG ATT AAC CCT CAC TAA AGG GAA CTA GGC TAG CCC CTG CTT C-3 0 ; mouse Smad8 3 0 UTR forward primer -5 0 -ATT AGA GGC AGT CCC CAC CT-3 0 and reverse primer (with GAG and T3 polymerase site) -5 0 -GAG ATT AAC CCT CAC TAA AGG GAA TTT GGC CAC TTG TGA GGA G-3 0 . Probes were made using a DIG RNA labeling kit (Roche). Differential interference contrast images were collected on a Carl Zeiss Axioplan 2 microscope and processed using Adobe Photoshop CS4.
Immunohistochemistry
Antibody staining was performed on 30 mm transverse sections of embryonic spinal cords from mouse (E10.5-E11.5), rat (E11-13 and dissociated neuronal cultures), chicken (Hamburger and Hamilton (HH) stage 21-25 (Hamburger and Hamilton, 1992) and COS7 cell line as previously described (Hazen et al., 2011) . Fluorescence images were taken on a Carl Zeiss LSM510 confocal and Axiovert 200M microscopes. Images were processed using Adobe Photoshop CS4.
The following antibodies against a particular protein and dilution were used. Rabbit: Lhx2/9 (pan Lh2a/b), 1:1000 (Liem et al., 1997) ; Islet1/2 (Isl1/2, K5), 1:2000 (Tsuchida et al., 1994) ; GFP, 1:1000 (Invitrogen); Math1, 1:500 (Helms and Johnson, 1998) ; Smad1, 1:100 (Cell Signaling Technology); Smad5, 1:100 (Cell Signaling Technology); C-terminal phosphorylated Smad1/5/ 8, 1:1000 (a generous gift from Dr. Ed Laufer, Columbia University), Pax2, 1:250 (Invitrogen); Mouse: Tag1 (4D7), 1:20 (Dodd et al., 1988) ; neuronal class III b-tubulin (Tuj1), 1:1000 (Covance); ERM (ezrin, radixin, and moesin; 13H9), 1:100 (Birgbauer and Solomon, 1989) . Goat: Isl1, 1:8000 (R&D Systems); Lhx2, 1:50 (Santa Cruz Biotechnology); Lhx9, 1:50 (Santa Cruz Biotechnology); Smad8, 1:200 (R&D Systems). Guinea pig: Olig2, 1:20,000 (Rousso et al., 2008) . Sheep: GFP, 1:2000 (Biogenesis). Species appropriate Cyanine 3, 5 and Fluorescein conjugated secondary antibodies were used (Jackson ImmunoResearch Laboratories).
COS7 cell and antibody blocking culture
COS7 cells were plated on UV-treated glass coverslips and transfected with 0.4 mg of expression constructs encoding either Smad1, Smad5 or Smad8 under the control of the CMV enhancer (a generous gift from Dr. Kohei Miyazono, University of Tokyo). Cells were transfected using Lipofectamine (Invitrogen) in Opti-MEM (GIBCO) at 37 1C for 5 h and then incubated for 24 h at 37 1C in a penicillin-streptomycin-glutamine (Invitrogen) and Opti-MEM (GIBCO) solution to allow protein expression. Cells were then fixed, immunolabeled and imaged.
Fixed 30 mm transverse sections of E11.5 mouse spinal cords were incubated with either 25 ml of Smad1 protein (a generous gift from Peter ten Dijke, Leiden University Medical Center) or control vehicle with Smad1 antibody (1:500 dilution; Cell Signaling Technology) for 1 h at 4 1C. Cyanine 3 conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) were then applied and sections were processed for imaging.
Dissociated neuron tissue culture
Rat E11 and 13 commissural neurons were dissected from dorsal spinal cords as previously described (Augsburger et al., 1999) . Using trypsin-EDTA (Invitrogen), the cells were dissociated for 5 min at 37 1C. The cells were then triturated with a flamepolished Pasteur pipet and then the cells were plated on poly-D lysine/mouse laminin (BD Biosciences) coated cover slips. The plated cells were incubated at 37 1C for $ 30 h in Opti-MEM (GIBCO), fixed and antibody stained as previously described (Augsburger et al., 1999) .
In ovo electroporation of RNA interference (RNAi) expression constructs
Short hairpin (sh) RNAs directed against two target sequences of both chicken Smad1 and Smad5 were generated using Genscript (www.genscript.com/ssl-bin/app/rnai) and are as follows: Smad1: 1st hairpin -5 0 -TAA CCG GAA TTC CAC CAT TGA-3 0 , 2nd hairpin -5 0 -CAT CAA TCC TTA CCA CTA CAA-3 0 and Smad5: 1st hairpin -5 0 -GCA TCA ATC CTT ACC ACT ATA-3 0 , 2nd hairpin -5 0 -AGC TGT CGA TGC TTT GGT TAA-3 0 . The target sequences were cloned into shRNA expression vectors containing the chicken specific promoter U6 and either a Red or Green Fluorescent Protein (RFP, GFP) reporter cassette as previously described (Das et al., 2006; Skaggs et al., 2011) .
Fertile White Leghorn eggs (McIntyre Poultry and Fertilized Eggs, Lakeside, CA) were incubated to HH stages 10-12. The following expression constructs were electroporated into the developing neural tube as previously described : chickU6::shRNA(Smad1)-RFP (0.7 mg/ml), chickU6::emptyvector-RFP (0.7 mg/ml), chickU6::shRNA(Smad5)-GFP (1 mg/ml), chickU6::emptyvector-GFP (1 mg/ml). Cell fate defects were quantified by normalizing the number of Lhx2/9 þ and Islet1/2 þ cells on the electroporated side with the number on the non-electroporated side of the spinal cord. All statistical analyses were performed using a one-tailed Student's t-test.
Generation and analysis of mutant mice
Conditional floxed alleles of Smad1 (Huang et al., 2002) and Smad5 (Umans et al., 2003) were crossed to the (a) Brn4::Cre neural tube driver line (also called Bcre32 (Heydemann et al., 2001) ) to functionally inactivate each gene and (b) Math1::tauGfp reporter line (Helms et al., 2000) to visualize the trajectory of dI1 commissural axons. In all cases, control littermates genotypically differed from mutant littermates only by the absence of Cre driver line.
Cell fate defects were evaluated by normalizing the number of Math1 þ dorsal progenitor (dP) 1 neurons (Helms and Johnson, 1998) , Lhx2/9 þ dI1 neurons (Liem et al., 1997) , Isl1/2 þ dI3 and motor neurons (Liem et al., 1997; Tsuchida et al., 1994) in E10.5 mutant littermates to the average number for each cell type in control littermates. The number of Pax2 þ dI4 and dI6-v1 interneurons (Burrill et al., 1997) was quantified using the number of Olig2 þ cells as a control for any potential differences in development between sections. Olig2 is a marker of motor neuron progenitors whose presence is thought to be independent of BMP signaling (Liem et al., 2000; Novitch et al., 2001) . Data was plotted as the number of Olig2 þ cells versus Pax2 þ cells per section and a logarithm trend line was fitted to the data set using Microsoft Excel 2008 for Mac.
The intensity of pSmad1/5/8 staining was quantified by using identical settings on the confocal microscope to image sections from control and mutant R-Smad littermates, which underwent immunohistochemistry on the same slide. The average intensity of control pSmad1/5/8 staining was then used to normalize the level of pSmad1/5/8 in mutant sections present on the same slide.
To quantify any axon outgrowth defects, the number of GFP þ axons that reached the FP was measured at brachial and thoracic levels of E10.5 control and mutant spinal cords. This figure was also normalized to the average number of Olig2 þ cells at these levels.
Explant cultures
Open book preparations of the spinal cord and explants of E11 rat roof plate and E10.5 mouse dorsal spinal cord were dissected, cultured and immunostained as previously described (Augsburger et al., 1999; Phan et al., 2010; Yamauchi et al., 2008) . Open book preparations, taken from E11.5 lumbar levels with comparable numbers of Olig2 þ cells, were quantified by counting the number of GFP þ axons, per 100 mm hemi-segment, growing beyond the Olig2 þ progenitor domain towards the FP. The reorientation angle of Tag1 þ axons in dorsal spinal explants was quantified as described previously (Augsburger et al., 1999) The extent of Tag1 þ axon growth was quantified by measuring the length of Tag1 þ axons at the ends and middle of the dorsal explant. These lengths are expressed as a percentage of the width of the explant.
Results
Smad1 and Smad5 have complementary distributions in the developing spinal cord
During the development of the spinal cord, BMP signaling from the RP is critical for both the specification of dorsal neural fate (Lee et al., 2000 (Lee et al., , 1998 Liem et al., 1997; Timmer et al., 2002) and the establishment of dorsal commissural axon circuitry (Augsburger et al., 1999; Butler and Dodd, 2003) . Previous studies have shown that these diverse activities are translated by the presence of type I Bmprs in dorsal spinal progenitors and neurons (Wine- Lee et al., 2004; Yamauchi et al., 2008) . To investigate whether the key canonical second messenger of BMP signaling, the Smad complex, is involved in mediating cell fate specification and/or axon guidance, we first examined which of the BMPspecific R-Smads, Smad1, Smad5 and Smad8 are expressed in the developing rodent spinal cord ( Fig. 1) .
Using in situ hybridization and immunohistochemistry on rodent spinal cords during the stages at which dorsal interneurons are both actively being born and extending axons, we have found that Smad5 is broadly expressed at the highest levels in the ventricular zone where the neuronal progenitors reside ( Fig. 1B and G). Smad5 protein is not present in Tag1 þ commissural axons (negligible overlap between Smad5 and Tag1 staining in inset and at arrowhead, Fig. 1F ). In contrast, Smad1 is present in postmitotic neurons (dotted line, Fig. 1A ) and their processes, including the Tag1 þ commissural axons extending towards and crossing their intermediate target, the FP (considerable overlap between Smad1 and Tag1 staining in inset and at arrowhead, Fig. 1D ). Supporting this conclusion, Smad1 is present throughout dissociated commissural (dI1) neurons, at highest levels in the soma and extending axons (arrowhead, Fig. 2B ) and at lower with antibodies against Smad1 (red, A and B), pSmad1/5/8 (red, D and E), the ERM complex (green, A, C, D and F) and type III b-tubulin (Tuj1, blue, A and D). Smad1 is present at high levels in the soma and axon shaft (arrowhead, B) and at lower levels in the growth cone (arrow, B). Some of the Smad1 protein may be activated; pSmad1/5/ 8 is present in the nucleus and has a punctate distribution in both the axon shaft (arrowhead, magnified panel, E) and growth cone consistent with the active form of the R-Smads being transported along the axons. Scale bar: 10 mm. levels in the growth cones (arrow, Fig. 2B ). Smad8 is not present in the rodent spinal cord at these stages (Fig. 1C , H-I) (Arnold et al., 2006) and is, therefore, an unlikely candidate to mediate the activities of the BMPs in the dorsal spinal cord. We have confirmed that these antibodies are specific for the relevant R-Smad; they do not cross react with the other R-Smad proteins, despite their extensive homology (Supplemental Fig. 1 ). Moreover, the expression patterns of Smad1 and Smad5 are similar in the developing chicken spinal cord (data not shown and see (Le Dreau et al., 2012) ), suggesting that roles of the R-Smads are evolutionarily conserved.
We next assessed whether the R-Smads are active in the developing mouse spinal cord using an antibody against the phosphorylated form of the R-Smads. Previous studies have shown that R-Smad activity is robustly upregulated in the dorsal neural progenitors immediately flanking the RP (open arrowhead, Fig. 1K and M, (Faure et al., 2002; Yamauchi et al., 2008) ). Between stage E10.5 ( Fig. 1K ) and stage E11.5 (Fig. 1M ) the number of phospho (p) Smad1/5/8 þ cells expands in the ventricular zone of the dorsal-most spinal cord, such that by E11.5 the distribution of R-Smad activation appears to be graded, with the highest levels of activation seen in the cells flanking the RP (open arrowhead, Fig. 1M ). In addition to the pSmad1/5/8 present in neuronal progenitors, activated R-Smads are also observed in Tag1 þ commissural axons (Dodd et al., 1988) as they project towards and across the FP (arrows, Fig. 1M ). Moreover, pSmad1/5/ 8 is present at high levels in the post-crossing Tag1 À commissural axons projecting in the ventral funiculus (closed arrowhead, Fig. 1M ). Activated R-Smads are also observed in the neurites of dissociated dI1 neurons ( Fig. 2D and E) . Intriguingly, pSmad1/5/8 is present in the axon shaft in vesicular-like puncta (inset panel, Fig. 2E ), which often contained proteins of the ezrin/radixin/ moesin (ERM) complex (arrowhead, Fig. 2E and F) . The ERM complex is most prominently associated with dynamically active cytoskeletal structures, such as the growth cone (Birgbauer et al., 1991) (Fig. 2C and F) . Over 90% of commissural axons contain these puncta, with an average of 4.770.8 s.e.m. puncta per axon (n¼17 neurons).
Although the pSmad1/5/8 antibody does not distinguish between the locations of the different activated R-Smads in the spinal cord, taken with the complementary distributions of Smad1 and Smad5 proteins, these data suggest that Smad5 is activated in the dorsal-most neuronal progenitors in the ventricular zone, whereas Smad1 is active within commissural axons. Thus, Smad1 and Smad5 are present in spatially distinct regions of the spinal cord where they could mediate specific functions of the BMPs during the development of the dorsal spinal cord.
Smad5 is required for the generation of dorsal spinal neurons
Based on the distinct expression patterns of the R-Smads, we hypothesized that Smad1 and Smad5 have different roles in the development of the dorsal spinal cord. Smad1 is the best candidate to coordinate commissural axon dynamics, whereas Smad5 might play a more critical role determining the fate of dorsal neurons. To test this hypothesis, we used loss-of-function mouse genetics to determine the consequence of chronically depleting the R-Smads on the specification of dI1 and dI3 neurons. Mutations in both Smad1 and Smad5 are embryonic lethal (Chang et al., 1999; Tremblay et al., 2001) , necessitating the use of conditional alleles of Smad1 (Smad1 flox ) (Huang et al., 2002) and Smad5 (Smad5 flox ) (Umans et al., 2003) . Tissue-specific recombination of the R-Smads was achieved by mating these floxed alleles to transgenic mice producing the Cre recombinase under the control of the Brn4 neural tube enhancer (Heydemann et al., 2001) . This enhancer fragment drives the expression of Cre throughout the spinal cord such that recombination is widespread by E9.5 before dorsal interneurons are born and is complete by E10.5 ( Fig. 3G ) (Heydemann et al., 2001) .
Supporting the hypothesis that Smad5, and not Smad1, is activated in the neuronal progenitors, only mutations in Smad5 reduce the level of pSmad1/5/8 staining flanking the RP by 20% in E10.5 embryos (Supplemental Fig. 2A, B , E and F). This alteration in R-Smad activity has functional consequences; the loss of Smad1 had no effect on the number or identity of two populations of dorsal interneurons, the Lhx2/9 þ dI1 (commissural) neurons and the Isl1/2 þ dI3 (association) neurons in E10.5 mouse embryos compared to control embryos (Fig. 4A-H and Q) . In contrast, both the dI1 and dI3 populations were affected in Smad5 mutant mice: over 20% of the dI1 neurons were absent (Fig. 4M, O and R) and almost 40% of the dI3 neurons were missing (Fig. 4M , P and R) compared to control littermates (Fig. 4I, K, L and R) . The loss of dI1 neurons appeared to stem from the loss of dorsal progenitors, since we observed a 20% reduction in the number of the Math1 þ dorsal progenitor (dP) 1 cells (Helms and Johnson, 1998) compared to controls (Fig. 4J, N and R) . In contrast, neither R-Smad mutant had any effect on the number of the more ventrally located Pax2þ interneurons (Supplemental Fig. 3 ) or the Isl1/2 þ motor neurons ( Fig. 4Q and R) , suggesting that these effects on cell fate are specific to the action of the Smad5 on the RPdependent populations of dorsal spinal neurons (Lee et al., 2000) .
We also examined whether there was a more severe dorsal cell fate phenotype when both Smad1 and Smad5 were inactivated. However, we were unable to recover any Smad1; Smad5 double mutant mouse embryos in combination with the Brn4::Cre driver line, suggesting that this genotype is lethal. We thus crossed our floxed R-Smad alleles to a Math1::Cre driver line, which results in a highly restricted pattern of Cre-mediated recombination in Lhx2/9 þ dI1 neurons by stage E10 (Matei et al., 2005; Yamauchi et al., 2008) , slightly later than that of the Brn4::Cre driver (Fig. 3) . Under these circumstances, the Smad1; Smad5 mutant phenotype is no more severe than the loss of Smad5 from the dI1 population alone (p 40.4, Student's t-test). We observed an almost 25% decrease in the number of dP1 progenitors and a 30% decrease in the number of dI1 neurons (Fig. 4S, p 40. 26 not significantly different from Smad5 mutant phenotype).
We further assessed the role of Smad1 and Smad5 by acutely removing their function using an RNA interference (RNAi) approach in Hamilton Hamburger (HH) stage 11/12 chicken spinal cords. Our results in chicken were largely consistent with those in mice. Neither the control vectors (Supplemental Fig. 4 ) nor the loss of Smad1 (Supplemental Fig. 5A-E) had any effect on the number of Lhx2/9 þ dI1 neurons or the Isl1/2 þ dI3 neurons. In contrast, the down-regulation of Smad5 resulted in a 20% decrease in the number of dI3 cells (Supplemental Fig. 5H-J) . The loss of both Smad1 and Smad5 resulted in no further loss in the number of dI3 neurons, but there was now a 25% reduction in the number of dI1 neurons (Supplemental Fig. 5K-O) . Moreover, although we were able to achieve up to a 20% decrease in the expression levels of either Smad1 or Smad5, only the knockdown of Smad5 resulted in a loss of pSmad1/5/8 staining around the RP (data not shown and Supplemental Fig. 2H-J) , again supporting the hypothesis that it is Smad5 and not Smad1 that is activated in the neuronal progenitors flanking the RP.
Taken together, our results in both mouse and chicken suggest that Smad5 is principally required for the specification of the dorsal-most fates in the developing spinal cord. Smad1 has a significantly lesser role, suggesting that the R-Smads have distinct functions translating the diverse activities of BMP signaling from the RP.
Smad1 is required to regulate dI1 axon outgrowth
Our previous studies have shown that the type I Bmprs, specifically BmprIb, is required to mediate the activities of the BMP chemorepellent in the RP. The BMPs provide directional guidance information, polarizing Tag1 þ commissural axon growth (Yamauchi et al., 2008) , as well as temporal guidance information, controlling the rate at which dI1 axons grow through In Smad1 mutant embryos there is no loss of dP1 cells (Q; p 40.17, probability different from control, Student's t-test; control, n¼56 sections from 5 embryos; mutant, n¼ 66 sections from 6 embryos), dI1 neurons (Q; p 40.2, control, n¼ 35 sections from 6 embryos; mutant, n¼42 sections from 6 embryos) and or dI3 neurons (Q; p 40.23; control, n¼22 sections from 3 embryos; mutant, n¼ 25 sections from 3 embryos). There was also no difference in the number of Isl1 þ MNs (Q; p 40.69, control, n¼ 22 sections from 3 embryos; mutant: n¼ 24 from 3 embryos) suggesting that the littermates were at comparable stages of development. (I-P and R) In contrast, the functional inactivation of Smad5 results in a profound loss of dorsal neurons. Mutant embryos show a greater than 20% decrease in the number of both dP1 cells (R; p o 1 Â 10 À 5 ; control, n¼ 97 sections from 5 embryos; mutant, n¼ 60 sections from 4 embryos) and dI1 neurons (R; p o 0.011, control, n¼ 39 sections from 5 embryos; mutant, n ¼20 sections from 4 embryos) and an almost 40% decrease in dI3 neurons (R; p o1.4 Â 10 À 4 ; control, n¼ 39 sections from 6 embryos; mutant, n ¼20 sections from 5 embryos) than control embryos. There was no significant difference in the number of Isl1 þ MNs (R; p 40.06, control, n ¼40 sections from 6 embryo; mutant, n¼ 20 sections from 5 embryos). (S) The functional inactivation of both Smad1 and Smad5 using the Math1::Cre driver line results in a similar phenotype to the loss of Smad5 alone. Double mutant embryos show a 25% decrease in the number of dP1 cells (S; p o0.023; control, n ¼21 sections from 2 embryos; mutant, n¼ 27 sections from 2 embryos) and a 30% decrease in the number of dI1 neurons (S; po 0.0052, control, n¼ 14 sections from 2 embryos; mutant, n ¼12 sections from 2 embryos). There was no significant difference in the number of Isl1 þ MNs (S; p4 0.12, control, n¼22 sections from the dorsal spinal cord (Phan et al., 2010) . To assess which, if any, of these activities are mediated by the R-Smads, we determined whether Smad1 and/or Smad5 are required for dI1 (commissural) axon growth and guidance. Supporting the hypothesis that Smad1, but not Smad5, may be a critical effector of axon dynamics, only Smad1 is present in commissural axons (arrowhead, Fig. 1D and Fig. 2B ), and pSmad1/5/8 activity was significantly depleted in Tag1 þ commissural axons extending towards and across the FP in Smad1 mutants compared to littermate controls (po 1.1 Â 10 À 12 ; Supplemental Fig. 2C and D) .
To assess the effect of chronically removing either Smad1 or Smad5 on axon orientation and/or outgrowth, we examined whether mice mutant for either Smad1 or Smad5 have defects in commissural axon guidance. We used two reagents to follow the trajectory of dorsal commissural axons, the Tag1 antibody which broadly labels the axons of commissural neurons in the dorsalmost spinal cord (Dodd et al., 1988) and/or the Math1:tauGfp reporter line, which specifically detects the population of commissural axons that arises from Math1 þ dP1 neural progenitors (Imondi et al., 2007) . There is substantial, but not 100% overlap, between these two markers (Fig. 5 ). The Math1 enhancer drives the expression of Gfp earlier and more extensively in dI1 neurons (bracket, Fig. 5B ), whereas Tag1 is initially present at lower levels in a broader swath of dorsal commissural neurons (bracket, Fig. 5C ). The Tag1 þ and GFP þ axons extend at comparable rates through the intermediate spinal cord (arrowheads, Fig. 5D ), reaching and crossing the FP at similar times in development (arrowhead, Fig. 5G ).
To assess whether the R-Smads mediate the ability of the BMPs to provide directional guidance signals, we used the in vitro reorientation assay to determine the extent to which control or R-Smad deficient Tag1 þ commissural axons responded to the RP chemorepellent (Augsburger et al., 1999; Butler and Dodd, 2003) . Explants of the dorsal spinal cord were dissected from E10.5 control or Math1::Cre; Smad1 flox/flox ;Smad5 flox/flox embryos. The commissural axon trajectory was then challenged by placing a RP explant, taken from an E11 rat embryo, in contact with the lateral edge of the dorsal spinal explant (Supplemental Fig. 6 ). Commissural growth cones extending adjacent to the appended RP grow under both its influence and that of the endogenous RP and the extent to which they are reoriented under these circumstances can be quantified. Consistent with previous observations (Butler and Dodd, 2003; Yamauchi et al., 2008) , E10.5 wild-type mouse commissural axons were reoriented by a rat RP explant with an average reorientation angle of 23.8172.8 (Supplemental Fig. 6A and C) . However, whereas BmprIb À /À axons are compromised in their ability to respond to the RP chemorepellent (Yamauchi et al., 2008) , the Math1::Cre; Smad1 flox/flox ; Smad5 flox/flox commissural axons were deflected to a similar extent as the controls with an average reorientation angle of 26.7171.85 (Supplemental Fig. 6B and C) . However, although the angle of reorientation was normal, the extent of axon outgrowth was not. After 2 days in culture, control commissural axons had extended within the dorsal explant an average of 80% of the distance to the ventral edge. In contrast, the Smad1; Smad5 mutant commissural axons had only extended 60% of the distance (Supplemental Fig. 6D) . Thus, the R-Smads do not translate the ability of the BMPs to spatially orient axons; rather they appear to control the rate of axon outgrowth.
We next assessed which R-Smad has a role regulating the rate of axon outgrowth in vivo. Although we were unable to distinguish a difference in the extent of Tag1 þ commissural outgrowth (Fig. 6A, E, I and M) , the loss of Smad1, but not Smad5, affected the trajectories of dI1 axons. Using the Math1::tauGfp reporter to label dI1 axons, we quantified the number of GFP þ axons that reached the FP in E10.5 control (Smad1 flox/flox or Smad5 flox/flox ) and mutant (Brn4::Cre; Smad1 flox/flox or Brn4::Cre;Smad5 flox/flox ) spinal cords. To control for differences in the development of the dorsal spinal cord in the control and mutant embryos, spinal cords were stage matched using an independent variable, the number of Olig2 þ neural progenitors (Novitch et al., 2001) . At brachial and thoracic levels of control E10.5 spinal cords, an average of 4-5 GFP þ dI1 axons have extended into the FP (Fig. 6D, L and S) . In contrast, there are 50% fewer axons present in the FPs of Smad1 mutant embryos ( Fig. 6H and S) . A similar phenotype was also observed in ''open book'' preparations, where the spinal cord is opened dorsally to permit longitudinal visualization of axons extending to the FP (Fig. 6Q , R and T, Bovolenta and Dodd, 1990) . There is also an outgrowth defect in the Smad5 mutant embryos with 25% fewer axons reaching the FP (Fig. 6P and S) . However, when this figure is adjusted to account for the more than 20% loss of dI1 neurons (Fig. 4O and R) , there is no significant difference (p 40.3) between the number of axons in the FP in Smad5 control or mutant embryos.
Taken together, these observations suggest that Smad1, but not Smad5, regulate the rate of axon outgrowth in mouse embryos. Moreover, these results support the hypothesis that the R-Smads have distinct functions in the spinal cord: Smad5 mediates the ability of the BMPs to confer dorsal cellular identity, whereas Smad1 regulates the ability of the BMPs to control the rate of axon outgrowth. (dotted region, D) . In contrast, almost 50% fewer GFP þ Smad1 mutant dI1 axons have extended to the FP (dotted region, H; probability of similarity with control, p o 4 Â 10 À 3 , Student's t-test; control, n¼ 33 sections from 6 embryos; mutant, n¼ 29 sections from 5 embryos). This phenotype was also observed in open book preparations of E11.5 spinal cords taken at lumbar levels (developmentally similar to E10.5 brachial levels). Over 60% fewer axons have entered the FP in Smad1 mutants (n¼ 37 100 mm segments from 3 embryos, R) compared to controls (po 4 Â 10 À 5 , n¼ 36 100 mm segments from 2 embryos, Q). (I-P and S). Similarly, some GFP þ dI1 axons have reached the FP in E10.5 Smad5 control embryos (dotted region, L). There are 25% fewer dI1 axons in FPs of Smad5 mutants (dotted region, P). However, after adjusting this number to account for the 20% of dI1 neurons that are missing (Fig. 4R) , there is no statistically significant difference in the number of dI1 axons in the FP in the control and mutant embryos (p 40.3; control, n¼ 54 sections from 6 embryos; mutant, n¼ 39 sections from 5 embryos, S). Scale bar: A-P, 25 mm; Q, R 30 mm.
Discussion
The R-Smads, Smad1 and Smad5, regulate different processes in the dorsal spinal cord Previous studies have suggested that the canonical Bmpr complex mediates the activities of the BMPs in the RP (Phan et al., 2010; Yamauchi et al., 2008) . Here we demonstrate that two members of the canonical second messenger complex, Smad1 and Smad5, are also required to intrinsically translate some of the activities of the RP-resident BMPs. Other studies have suggested that these two R-Smads function redundantly during development to mediate BMP signaling (Arnold et al., 2006; Le Dreau et al., 2012; Orvis et al., 2008; Pangas et al., 2008) . However, our findings suggest that they have different roles in the development of the dorsal spinal cord. First, Smad1 and Smad5 have strikingly distinct expression patterns in the developing spinal cord: Smad5 is upregulated in neural progenitors, whereas Smad1 is expressed broadly in post-mitotic neurons (Fig. 7A ). Second, they have different loss-of-function phenotypes in mouse embryos: the loss of Smad5 results in the loss of pSmad1/5/8 staining flanking the RP in E10.5 mouse embryos and reduced numbers of dorsal neurons, but has no effect on axon growth (Fig. 7B) . In contrast, the loss of Smad1 has no effect on cell fate specification, but does reduce the intensity of pSmad1/5/8 staining in commissural axons in E11.5 mouse embryos and slows the rate of dI1 axon outgrowth (Fig. 7C) . Taken together, these results suggest that different BMP specific R-Smads regulate dorsal cell fate determination and dI1 axiogenesis.
These results suggest that the R-Smads can function in mechanistically different ways, since cell fate and axon guidance are generally considered to be distinct mechanistic processes. Cell fate specification results from global changes in the transcriptional status of the cell, whereas axon guidance occurs by the more local reorganization of the cytoskeleton. The ability of the R-Smads to mediate these two processes remains unresolved, however our results are most consistent with the difference being at the transcriptional level, with Smad1 and Smad5 regulating different target genes. These R-Smads have been shown to regulate divergent transcriptional processes in other systems (Dick et al., 1999; McReynolds et al., 2007) . Moreover, our studies demonstrate that the loss of either R-Smad results in a reduction in the phosphorylation of serine 463 and 465 residues (Supplemental Fig. 2A-G) . These phosphorylation events are required for the R-Smads to complex with Smad4, and thereby regulate transcription (Kretzschmar et al., 1997b; Macias-Silva et al., 1996) . A second, more speculative possibility is that the different function of the R-Smads result from specific post-translational modifications. The cellular localization of the R-Smads is controlled by differential phosphorylation: phosphorylation of Mitogen-Activated Protein Kinase (MAPK) consensus sites within a conserved linker region prevents the nuclear localization of the R-Smads (Kretzschmar et al., 1997a (Kretzschmar et al., , 1999 . When the MAPK phosphorylation sites were deleted from the Smad1 protein, this Smad1 isoform was retained at the plasma membrane and caused defects in actin remodeling (Aubin et al., 2004) . Smad1 has also been shown to interact with CD44, a membrane anchoring protein, which couples with the ERM complex (Mori et al., 2008; Peterson et al., 2004) . These observations support the model that Smad1 can interact with cytoskeletal effectors, however the studies were not performed with a side-by-side comparison with the activities of Smad5. Thus, Smad1 and Smad5 may exert their specific activities either by regulating different gene sets, which suggests an unanticipated role for transcription in BMP-mediated axon outgrowth, or Smad1 has a novel activity outside of the nucleus regulating the cytoskeleton.
Smad5 regulates the specification of dorsal cell fate
Smad5 is expressed at high levels in spinal neuronal progenitors and loss-of-function studies in both mouse and chicken embryos have demonstrated that it is required for the specification of the dorsal-most neural identities in the spinal cord. Smad5 does not appear to specify the identity of the more ventral dorsal spinal neurons. These results are thus in accordance with previous studies showing that only the fate of the dI1 and dI3 neurons are dependent on signals from the RP (Lee et al., 2000 (Lee et al., , 1998 Liem et al., 1997) . Smad5 is required for the specification of neural patterning rather than differentiation: the loss of 20% of dI1 neurons in mouse embryos is preceded by a similar reduction in the numbers of dP1 progenitors (Fig. 4R) . The dI3 population is most robustly dependent on Smad5 activity; up to 40% of this population was lost in Smad5 mutants in both mouse and chicken embryos. Reduced numbers of dI1 neurons were observed when Smad5 was chronically depleted in mouse embryos, however a subset of chicken dI1 neurons was lost when both Smad1 and Smad5 were knocked down by RNA interference (Supplemental Fig. 5O ) (Le Dreau et al., 2012) . This observation suggests there may be species differences in the requirement for BMP signaling in dorsal cell fate, i.e. since Smad1 activity can partially compensate for the loss of Smad5 in chicken, but not in mouse. A second possibility is that the timing of R-Smad depletion may be significant. In the mouse experiments, we depleted the R-Smads individually from E9.5 using the Brn4::Cre driver. However, we were only able to examine the requirement for both Smad1 and Smad5 in mouse using the Math1::Cre driver line which is expressed by E10. Finally, the dI1 population is specified by higher levels of R-Smad activity than the dI3 population. An activity gradient of Smad1/5/8 extends from the RP through about half of the dorsal spinal cord in E11.5 mouse embryos (open arrowhead, Fig. 1M ), the region that contains the cells dependent on signals from the RP (Lee et al., 2000) . The highest levels of Smad1/5/8 activity are found in the dP1 cells flanking the RP, whereas there are lower levels of pSmad1/5/8 in the putative dP3 cells. Thus, the specification of dI3 neurons may require a lower threshold of Smad5 activation compared to dI1 neurons. This model is supported by our results: limited knockdown of Smad5 in chicken only affects the dI3 neurons, which may require the least Smad5 activation. Moreover, when Smad5 was more chronically depleted using the Brn4::Cre driver line in mouse embryos, two-fold more dI3 neurons and some dI1 neurons are lost.
Previous mouse studies have shown that type I Bmpr signaling is required for the identity of the dorsal-most spinal neurons (Wine- Lee et al., 2004) . For example, removing BmprIa function using the Brn4::Cre driver in combination with a null mutation in BmprIb resulted in the loss of almost all dI1 neurons and most of the dI2 population (Wine- Lee et al., 2004) . However, the dI3 neuron population, which is dependent on activin signaling (Timmer et al., 2005) , was slightly increased (Wine- Lee et al., 2004) . Thus, Smad5 appears to be a downstream mediator of both BMP and activin signaling in the specification of identity in the dorsal spinal cord. It remains unclear why the loss of R-Smad signaling did not result in a more severe cell fate specification phenotype similar to the type I Bmpr double mutant mice. One possibility is that there are other downstream effectors that redundantly mediate BMP and activin signaling during the early stages of dorsal cell specification. This effector is unlikely to be Smad1. The loss of Smad1 has no obvious effect on dorsal cell identity in either mouse (Fig. 4Q ) or chicken embryos (Supplemental Fig. 5E ). In addition, the phenotype of the mouse and chicken Smad1; Smad5 double mutants ( Fig. 4S and Supplemental Fig. 5O ) is similar to the phenotype of the loss of Smad5 alone ( Fig. 4R and Supplemental Fig. 5J ). Another possibility is that we have not sufficiently reduced the activity of Smad5 in either our chronic or acute manipulations of mouse and chicken embryos. We do not observe a complete knockdown of Smad5 activity in chicken embryos (Supplemental Fig. 2H-I) and conditional ablation of the R-Smads using the Brn4::Cre driver starts around E9.5 in mouse embryos, whereas Smad5 is abundantly expressed in the embryo by E7.5 (Tremblay et al., 2001) . Thus, in both conditions, there may be enough lingering Smad5 activity to get partial dorsal neuron specification. Together, this evidence suggests that Smad5 initiates dorsal cell fate specification and in conjunction with other signaling proteins maintains the appropriate quantity of those neurons.
Finally, our recent studies have revealed that the inhibitory (I) Smad, Smad7, has a role blocking the acquisition of dorsal cell fate (Hazen et al., 2011) . Smad7 is expressed in newly differentiating neurons in the intermediate spinal cord where it can promote ventral dorsal fates, such as dI4, at the expense of the dI1-dI3 fates (Hazen et al., 2011) . Thus, Smad5 and Smad7 have antagonistic roles in the specification of dorsal spinal identity. This regulatory relationship remains unresolved (Fig. 7D) : Smad5, but not Smad1 or Smad8, can bind to the Smad binding element (SBE) found in Smad7 (Li et al., 2001) , however, we observed no increase in the number of Pax2 þ dI4 neurons in Smad5 mutants, suggesting that the loss of Smad5 does not affect the expression of Smad7 in this case. In future studies, we will assess whether Smad7 functions to promote dI4 identity by blocking the activity or transcription of Smad5 (Fig. 7D ).
Smad1 controls axon outgrowth
Smad1 is present in post-mitotic spinal neurons and their processes. Our loss-of-function studies in mouse embryos have demonstrated that Smad1 is required to regulate the outgrowth of dI1 axons, but does not mediate their polarization away from the RP. This conclusion is supported by recent studies that demonstrate phosphoinositide-3-kinase activation mediates the ability of BMPs to spatially orient commissural axons (Perron and Dodd, 2011) . The outgrowth phenotype is only observed in dI1 axons, i.e. the commissural axons that extend from Math1 þ neuronal progenitors. Tag1 þ commissural axons cross the FP normally in mouse Smad1 mutants (Fig. 6E) as do many RFP þ axons after Smad1 knockdown in chicken embryos (Supplemental Fig. 5A and C) . Thus, the role of Smad1 regulating axon outgrowth appears to be confined to the dorsal-most population of commissural axons in the spinal cord.
Our previous studies have suggested that a key role of the BMP repellent is to reduce the rate of dI1 axon outgrowth as they grow away from the RP through the dorsal spinal cord, thereby ensuring that the dI1 circuit develops in concert with the rest of the embryo (Phan et al., 2010) . In these studies, we also demonstrated that Lim kinase 1 (Limk1) is a critical intracellular effector of the rate of axon outgrowth. Here, we show that the loss of Smad1 slows axon outgrowth growth in mouse embryos ( Fig. 6S  and T) , an antagonistic role to the one proposed for Limk1 (Phan et al., 2010) . Thus, Smad1 activation in dI1 neurons appears to positively regulate axon outgrowth rate, a function that is consistent with recent studies showing that reactivating Smad1 in adult mouse dorsal root ganglia can promote sensory axon outgrowth (Parikh et al., 2011; Zou et al., 2009 ). However, while Limk1 acts to limit the rate of commissural axon growth proximally in the dorsal spinal cord, Smad1 may rather be transported along axons to encourage axon growth distally at a considerable distance from its original activation site. This hypothesis is supported first, by the observation that the activated R-Smads are present in commissural axons as they approach and then cross the FP (arrows, Fig. 1M ) as well as in post-crossing commissural axons. Second, pSmad1/5/8 is present in vesicular-like puncta along the axon shafts of dissociated dI1 neurons ( Fig. 2E) . Thus, activated Smad1 may be trafficked along dI1 axons to regulate growth rate. Third, we have found that constitutively activating either the BMP receptor complex or Limk1 in chicken commissural neurons stalls axon growth proximally in the dorsal spinal cord (Phan et al., 2010; Yamauchi et al., 2008) , whereas similar experiments with a dominant negative form of BmprIb delays commissural axon growth more distally only as they approach the FP (Keith Phan and S.J.B., unpublished observations).
The mechanism by which Smad1 acts remains unclear. Studies in Drosophila have shown that Mad, the R-Smad homologue, has a critical homeostatic role during synaptogenesis. Mad is thought to relay information by retrograde transport from the synapse to the nucleus (Goold and Davis, 2007; McCabe et al., 2003) to regulate synapse growth transcriptionally (Ball et al., 2010) . Alternately, Smad1 could directly interact with the cytoskeleton. Supporting this hypothesis, previous studies examining Smad1 mutant mice have suggested that Smad1 participates in remodeling the actin cytoskeleton (Aubin et al., 2004 ) and many of the pSmad1/5/8 þ puncta are also decorated by the ERM complex (arrowhead, Fig. 2E and F) suggesting that Smad1 is being anterogradely transported to dynamically extending processes. Thus, a threshold level of active Smad1 is required for the initial extension of dI1 axons away from the RP and Smad1 may be subsequently transported along dI1 axons to maintain a tightly controlled rate of outgrowth. Future studies will determine whether Smad1 functions to regulate the transcription of genes controlling axon elongation as well as determining whether Smad1 has a role regulating commissural synaptogenesis.
Finally, our recent studies in chicken embryos have revealed that the I-Smad, Smad6, also regulates the rate of dI1 outgrowth (Hazen et al., 2011) . Smad6 is expressed in post-mitotic dI1 neurons about a day after Smad1 is first expressed and acts to slow the rate of growth (Hazen et al., 2011) . Thus, similar to the relationship of Smad5 and Smad7 in the specification of cell fate, Smad6 and Smad1 have antagonistic roles regulating axon outgrowth. Previous studies (Hata et al., 1998) have suggested that Smad6 directly inhibits the activity of Smad1 (Fig. 7D) , making it possible that Smad6 acts to terminate the role of Smad1. In summary, these results are the first to demonstrate a role for the R-Smads shaping the trajectories of neural circuits in the developing vertebrate central nervous system.
Unified model for the differential translation of BMP signaling in dorsal neurons
How does a single class of molecular signals specify highly divergent aspects of neuronal circuit formation? Taken together with our recent studies (Hazen et al., 2011; Yamauchi et al., 2008; Yamauchi et al., 2012) , we have determined that these activities are differentially translated at both the receptor and second messenger level in dorsal spinal neurons. Thus, a shared activity of the type I Bmprs mediates the specification of the dorsal-most cell fates primarily through the Smad5 intermediate. In contrast, the activation of BmprIb alone regulates rate of growth of commissural axons, by activating Limk1 (Yamauchi et al., (submitted for publication)) and (putatively) Smad1. Future studies will resolve whether Smad1 has a novel activity orchestrating cytoskeletal dynamics with Limk1 or whether the role of Smad1 reflects a requirement for transcriptional regulation during the formation of neural circuits.
